Grand canonical Monte Carlo simulation of argon adsorption at the surface of silica nanopores: Effect of pore size, pore morphology, and surface roughness J. Chem. Phys. 120, 2913 (2004) In this paper we consider the adsorption of argon on the surface of graphitized thermal carbon black and in slit pores at temperatures ranging from subcritical to supercritical conditions by the method of grand canonical Monte Carlo simulation. Attention is paid to the variation of the adsorbed density when the temperature crosses the critical point. The behavior of the adsorbed density versus pressure ͑bulk density͒ shows interesting behavior at temperatures in the vicinity of and those above the critical point and also at extremely high pressures. Isotherms at temperatures greater than the critical temperature exhibit a clear maximum, and near the critical temperature this maximum is a very sharp spike. Under the supercritical conditions and very high pressure the excess of adsorbed density decreases towards zero value for a graphite surface, while for slit pores negative excess density is possible at extremely high pressures. For imperfect pores ͑defined as pores that cannot accommodate an integral number of parallel layers under moderate conditions͒ the pressure at which the excess pore density becomes negative is less than that for perfect pores, and this is due to the packing effect in those imperfect pores. However, at extremely high pressure molecules can be packed in parallel layers once chemical potential is great enough to overcome the repulsions among adsorbed molecules.
I. INTRODUCTION
Understanding of adsorption of gases and vapors on surfaces as well as in porous materials has been made possible with advanced tools of Monte Carlo ͑MC͒ simulation, molecular-dynamics ͑MD͒ simulation, 1, 2 and densityfunctional theory [3] [4] [5] ͑DFT͒. The success of these tools in terms of their prediction depends on the appropriate choice of the potential equation for intermolecular interaction. There are many different equations for the calculation of fluid-fluid interaction energy that are available in the literature, and one of the simplest equations is the popular Lennard-Jones ͑LJ͒ 12-6 equation. This is an empirical equation, and therefore its molecular parameters are regarded as the effective parameters. These parameters are usually obtained from the fitting of the simulation results against some appropriate macroscopic quantities. One reason for the popular use of the LJ 12-6 equation ͑rather than other equations͒ in adsorption problems is that it is consistent with the usage of the wellknown 10-4-3 Steele equation 6 for calculating solid-fluid interaction energies. Even with this very simple form of 12-6 Lennard-Jones, there are many different sets of molecular parameters that are available in the literature for a specific adsorbate. 7 Many were obtained by using the second virial coefficient, while some are obtained from the matching between the simulation results and the gas viscosity data. 7 Other properties were also used to determine these parameters, for example, the liquid radial density distribution, the spectroscopic data, the vapor-liquid equilibria ͑VLE͒, etc. We put forward an argument here that in adsorption studies where equilibrium is established between the gaseous phase and the adsorbed phase with ordered structure ͑albeit "ordered" liquid͒, the molecular parameters that can describe the vapor-liquid equilibria are the most suitable for the description of adsorption. For the argon used in this paper, we find that the molecular parameters obtained by Michels et al. 8 are suitable for describing the second virial coefficient as well as the vapor-liquid equilibria. Adsorption of subcritical fluids has been well studied in a vast number of publications in the literature ͑for example, Gregg and Sing 9 ͒. We will devote our effort in the study of adsorption under supercritical conditions and compare its behavior with that under subcritical conditions, and this has attracted good interest recently by many research groups both experimentally and theoretically because of its importance in energy storage. 10 On the experimental front, equipment design is done with care because of the high pressures involved in the supercritical adsorption. Some of the design effort is reported in Vidal et al., 11 Malbrunot et al., 12 and
Zhou and Zhou. 13 The design of Vidal et al. and Malbrunot et al. allowed the measurements at extremely high pressures. Their first report using this instrument presented isotherms over a range of pressure up to 650 MPa. 14, 15 This report was later corrected 16 because of the use of incorrect solid volume in their previous work. Recently the magnetic suspension balance was applied to study high-pressure adsorption with good success.
The push for supercritical adsorption studies is due to the need for better database on energy storage of energyintensive gases at high pressure in porous materials such as carbon. Among these gases, methane and hydrogen are most widely studied. 10 Studies of these gases and other gases are plenty in the literature. The Table I summarizes some of the typical works into the various experimental studies of supercritical gases.
Theoretical studies of supercritical fluids stem from not only the importance of applications such as natural gas storage and hydrogen storage but also the need to better understand the various interesting behaviors observed for supercritical fluids that are not manifested for subcritical fluids, with behaviors such as maximum observed in the adsorption isotherm ͑plotted as surface mass excess versus pressure͒ when the pressure is sufficiently high. When the adsorption temperature is very close to the critical temperature, the adsorption isotherm exhibits a sharp spike at pressures close to the critical pressure, beyond which the adsorption isotherm decreases very sharply. This is simply due to the sharp change in the bulk gas density for very small variation in pressure close to the critical pressure. An example for this very sharp spike is the adsorption of propane on graphitized carbon black 32 at T = 97 and 98°C ͑the critical temperature of propane is 96.8°C͒.
The maximum in the adsorption isotherm of excess density versus pressure has long been recognized. 33 Others have also observed this maximum in their investigation. [34] [35] [36] [37] [38] [39] [40] [41] This behavior has prompted many researches into the various theories to explain this maximum. Tables II and III show the  various theoretical approaches pursued by many researchers,  with Table II listing works dealing with empirical and semiempirical approaches and Table III for works dealing with molecular simulation approaches and theories that have basis in molecular interactions.
Among the empirical approaches, the potential equation of Dubinin-Radushkevitch ͑DR͒ or Dubinin-Astakhov ͑DA͒ form is commonly applied. But in so doing the quasisaturated vapor pressure must be introduced. It was considered as the fitting parameter in addition to the characteristic energy when fitting it against the supercritical adsorption data. In applying this equation and introducing the concept of hypothetical vapor pressure, they implicitly assumed that the adsorption mechanism of supercritical fluids also follows the same pore filling mechanism as that for subcritical fluids. Kaneko and Murata 46 introduced a concept of quasisaturated vapor pressure and an inherent micropore volume for supercritical fluids to take the place of vapor pressure and micropore volume in the DR equation.
In this paper, we present a coherent approach to deal with adsorption of gases into nonporous graphitized thermal carbon black ͑GTCB͒ and in slit pores having graphitic walls within the same framework. With the advanced tool of Monte Carlo simulation there is no need to make any distinction between the adsorption of fluids under subcritical conditions and that under supercritical conditions. In dealing with adsorption of any temperature, one should talk about the excess amount as this is measured experimentally, and only when one has to deal with adsorption at temperatures well below the critical point that the excess amount is almost the same as the absolute amount. Our paper is structured as follows. First, we describe briefly the grand canonical monte carlo ͑GCMC͒ method that we use to generate the simulated local adsorption isotherms on an open surface and in slit pores of various sizes. Finally, we present the various behaviors of adsorption on open surfaces and in slit pores of various sizes, and highlight the differences between adsorption under supercritical conditions and that under subcritical conditions.
II. THEORY
The simulation tool that we will use in this paper is the GCMC. This has been well described in many texts in this area.
1,2

A. Fluid-fluid potential
The fundamental equation behind the GCMC is the one that calculates the potential energy of interaction between two particles. Let i and j to denote the particles i and j, respectively, then the interaction energy between these two particles is calculated from the classical 12-6 LJ potential equation:
performs very well for simple LJ fluids, such as noble gases and other simple gases, in the homogeneous bulk fluids, i.e., when there is no external interaction imposed on these bulk fluid particles. When two particles are close to a surface ͑for example, in the case of adsorption͒, the presence of the surface affects the way these two particles interact with each other. This effect results in a reduction in the intermolecular potential energy because of the polarization of the particles by the electric field emanating by the surface. Do et al. 81 have introduced the surface-mediated reduction factor, with a damping factor as an additional parameter to account for this reduction. The effective intermolecular potential energy of interaction is given by the following empirical equation:
where g is the reduction factor and is a function of the solidfluid interaction energies of the two particles, g͑ i,s / kT , j,s / kT͒. This function can be assumed to be a function of the geometric mean between these two interaction energies, that is g͑ ij,s / kT͒, where ij,s is the geometric mean. Do et al. 81 suggested the following approximate form for this reduction factor:
where is called the surface damping constant. For argon dealt with in this paper, we have found that the surface damping constant takes a value of 0.005. The substrate mediation effect has long been recognized, and there are works dealing with this problem theoretically and various studies have used it in the computer simulation. For example, Cheng and Steele, 82 in their study of argon adsorption on graphite, have reduced the well depth of the Pure and mixture data Nitrogen S g = 850 m 2 /g P max = 13.6 MPa fluid-fluid interaction by 15% whenever both atoms in a pair are in the first adsorbed layer. This approach does give a discontinuity in the energy calculation as there are particles that are just a minute distance from the first layer.
B. Molecular parameters
In the recent work of Do and Do, 83 we have studied the various potential models for simple gases, and have found that the molecular parameters suggested by Michels et al. 8 are the most suitable to correctly describe the vapor-liquid equilibria and adsorption of argon on graphitized thermal carbon black, = 3.405 A and / k = 119.8 K. This set of molecular parameters has been used and validated by many workers. 84, 85 
C. Solid-fluid interaction energy
For the GTCB, the surface is modeled as a structureless surface, and therefore the solid-fluid potential energy can be calculated from the well-known 10-4-3 Steele equation. 6 The interaction potential energy between the particle i and the homogeneous flat solid substrate is calculated from
where C is the volumetric carbon atom density ͑114 nm −3 ͒ , ⌬ is the spacing between two adjacent graphene layers ͑3.354 A͒, and z i is the distance of the particle i from the surface. The solid-fluid molecular parameters, the collision diameter and the interaction energy, are calculated from the Lorentz-Berthelot ͑LB͒ mixing rule. The solid-fluid interaction energy is usually adjusted with the introduction of the solid-fluid binary interaction parameter, k sf such that the Henry constant is reproduced by the GCMC simulations, that is,
The parameters associated with carbon atom used in our simulation are ͑s,s͒ = 3.4 A and ͑s,s͒ / k = 28 K. For matching the Henry constant of argon on GTCB at various temperatures, it was found that this binary interaction parameter is 0.015. 
D. Grand canonical Monte Carlo simulation
In the GCMC simulation, the parameters associated with the simulation used in this paper are ͑i͒ the box length in the case of slit pore is at least ten times the collision diameter, ͑ii͒ the cutoff radius is half of the box length, ͑iii͒ the number of cycles for equilibration step is 50 000 and that for the statistics collection is also 50 000, and ͑iv͒ in each cycle, there are N displacement moves, where N is the number of particles in the simulation box.
For the open surface of graphite, the isotherm is expressed in terms of the surface excess ⌫ excess , while for the case of graphitic slit pore, it is in terms of excess pore density excess . They are obtained from the GCMC simulation as below:
where z 0 is the distance ͑from the plane passing through the outermost layer of carbon atoms͒ at which the solid-fluid potential is zero, f f is the collision diameter of adsorbate molecule, ͗N͘ is the ensemble average of the number of particle in the simulation box, is the bulk gas density, V is the volume accessible to particles, and L x and L y are the simulation box lengths in the x and y directions, respectively. Here we use the effective width suggested by Everett and Powl 86 and Kaneko et al. 56 as the width accessible to adsorbate molecules.
III. RESULTS AND DISCUSSION
For temperatures less than the critical temperature, the adsorption isotherm on a surface has a type II, according to the IUPAC classification. 9 For temperatures just slightly above the critical temperature, the isotherm behaves very much like that of subcritical temperatures ͑i.e., type II͒ for pressures less than the critical pressure. Once the pressure just exceeds the critical pressure, the excess density decreases very sharply towards the zero value because of the sharp change in the bulk density for a small change in pressure in the neighborhood of the critical point. This behavior persists for higher temperatures but the sharp peak is replaced by a maximum, and this maximum decreases in magnitude and the pressure, at which this maximum occurs, shifts to higher value for higher temperatures.
To understand how the surface excess behaves, it is useful to present the excess amount in terms of the bulk density as follows: 
where and V a are the average density and volume of the adsorbed phase, respectively. The behavior of the excess amount with density at very high pressure will give us some insight into the difference between the average density of the adsorbed phase and the bulk gas density. Let us consider this equation for two separate cases. The first case is the open surface while the second is the slit pore. In the first case, the surface excess is defined as n ex ͑ b ͒ / S, where S is the surface area of the solid. Since the adsorbed phase volume constantly increased and the average density of the adsorbed phase is generally greater than the bulk gas density, the surface excess in the case of an open surface is never negative. For very weak surfaces, the average density of the adsorbed phase can become less than the bulk gas density at high pressure, and it is only then that the surface excess becomes negative. Do et al. 74 applied the molecular layer structure theory and have shown that it is the case for hypothetical weak surfaces, for example, in the case of graphite surface we have shown that the well depth of solid carbon atom has to be reduced by a factor of 8 before a negative surface excess can be observed. On the other hand, in the case of a slit pore the adsorbed phase volume is taken to be the pore volume, the average excess pore density is defined as
When pressure is high enough, the average pore density will approach a constant and therefore the excess pore density will decrease linearly with the bulk gas density. Eventually the excess pore density will become negative at extremely high pressures. We will show that this is readily occurred for imperfect pores whose widths are such that integral number of layers cannot be accommodated. The differences between adsorption on open surfaces and that in pores are subtle, and let us first discuss the adsorption on an open surface of graphite.
A. GCMC simulation of GTCB
The calculation of the surface excess on open surface of graphite requires the bulk gas density. This bulk gas density can be either calculated from the LJ equation of state obtained by Johnson et al. 87 or from the GCMC simulation of the bulk phase. Both cases give the same results for the bulk gas density. Figure 1 shows the isotherm of surface excess in terms of pressure ͑top curve͒ and the bulk gas density versus pressure at the bottom curve for the case of argon adsorption on GTCB at 253 K. There are a number of features that we could derive from this supercritical adsorption isotherm for an open surface.
͑1͒
The excess density exhibits a maximum. ͑2͒ The decreasing part of the surface excess isotherm is more gradual than the increasing part, and this gradual decrease is in phase with an increase of the bulk density. ͑3͒ Up to 100 MPa ͑ϳ1000 atm͒, the surface excess remains positive
If we now present the isotherm as the plot of the surface excess density versus the bulk gas density as shown in Fig. 2 in log-log scale, a number of features emerge. The maximum observed in the plot of surface excess versus pressure ͑Fig. 1͒ is again seen in this plot of surface excess versus the bulk gas density ͑Fig. 2͒. In the low-pressure region, we observe a typical Henry law behavior as reflected in the slope of unity ͑dashed line͒. On the other hand, in the region of high pressure, we see that the curve also approaches a linear asymptote ͑dashed-dotted line͒ and the slope of this linear asymptote is about −15. This means that the surface excess has the following asymptote with density as follows: 
084701-7
Adsorption of argon from sub-to supercritical conditions J. Chem. Phys. 123, 084701 ͑2005͒
Thus the difference between the average density of the adsorbed layer and the bulk gas density decays as 1 / 15 . This also means that the average density of the adsorbed layer never reaches a constant as assumed in many works, but rather it increases in excess of the bulk density by an amount given in Eq. ͑7͒, at least over the region where this equation has been fitted.
To understand how adsorption occurs in various layers above the surface as a function of pressure, we present in Fig. 3 the local-density distribution versus distance from the surface at 253 K. This figure shows that the adsorption has a layering mechanism with layers being parallel to the flat surface of graphite. We see that at the highest pressure studied, 100 MPa, there are three layers that can be identified on the surface with the density of the first layer being substantially greater than the other layers. Another point that we observe is that the density of the first layer is constantly increasing ͑even up to a pressure of 100 MPa͒ but with a reduced rate at very high pressures. To clearly show the local-density distribution under supercritical conditions, we present in Fig. 3 the local-density distributions for three values of pressures ͑10 MPa: dotted line; 20 MPa: dashed line; and 100 MPa: solid line͒ at 253 K. It does indeed confirm the densification of the first layer which has a propagating effect on the densification of the second layer. The propagation effect extends to the third layer at very high pressures. Note that the pressure of 10 MPa is the pressure at which the surface excess is maximum while the pressure of 20 MPa is the pressure at which the fluid-fluid interaction starts to dominate the solid-fluid interaction.
To further illustrate the densification ͑rather than condensation͒ of argon under supercritical condition, we present in Fig. 4 the snapshots of particles of the first layer for the three values of pressure used in the plots of the local-density distribution of Fig. 3 ͑P = 10, 20 , and 100 MPa͒.
We can see from these snapshots that there are still vacant spaces in the first layer even at very high pressures ͓100 MPaϷ 1000 atm in Fig. 4͑c͔͒ . The particles tend to form clusters and the cluster size increases with pressure due to the densification. This is the characteristics of supercritical fluid, that is, no condensation in either two dimensions or three dimensions.
Effects of temperature
We have seen some characteristics of adsorption on an open flat surface under supercritical conditions. How do they vary with temperature, including temperatures below the critical point? Let us now investigate the effects of temperature on the adsorption isotherm. The specific questions are that ͑i͒ would the maximum persist at all temperatures that are greater than T c and ͑ii͒ what happens to the pressure at which the maximum occurs. We select 253 K which is far above the critical temperature of 150.9 K, two temperatures of 158 and 166 K, which are just above the critical temperature, and 150 K, which is just below the critical temperature. The difference between these isotherms lies in the shape of the surface excess isotherm, as shown in Fig. 5 . The subcritical isotherm of 150 K exhibits the typical type-II isotherm, according to the IUPAC classification. 9 The spike observed for 158 K occurs at 5 MPa, which is just slightly greater than the critical pressure ͑4.874 MPa͒. The sudden drop in the surface excess is due to the fact that the bulk density has a sigmoidal shape near the critical point. In the neighborhood of the critical point, the change in pressure is very insignificant compared to the large change in density, shown at the bottom graph of Fig. 5 in which we plot the bulk gas density versus pressure for the four temperatures. The dashed line represents the vapor pressure at subcritical temperature of 150 K.
With regard to the maximum, all the isotherms at temperatures greater than the critical temperature exhibit this maximum phenomenon. The subcritical isotherm exhibits type II and the surface excess is very large when the pressure approaches the vapor pressure p 0 . However, if adsorption at 150 K is continued at pressures greater than p 0 ͑that is, when the bulk phase is liquid͒, the surface excess would exhibit a sudden drop in magnitude because the bulk phase is now a liquid phase with density being much greater than that when pressure is less than p 0 .
We now turn to the second question on the pressure at which the surface excess is maximum. Observing the maximum of the surface excess versus pressure ͑the top graph of Fig . 5͒ and the behavior of the bulk gas density versus pressure ͑the bottom graph of Fig. 5͒ , it suggests that the maximum occurs at or at near the pressure at which the first derivative of the bulk density with respect to pressure is maximum. To check this we plot in Fig. 6 this derivative as a function of pressure ͑top graph of Fig. 6͒ . For clarity we multiply the derivative for the case of 166 K by a factor of 5 and that for the case of 253 K by a factor of 10. Also in Fig.  6 , we present the plot of the surface excess versus pressure ͑the bottom graph͒ and the positions ͑dashed line͒ at which the derivative d b / dP is maximum. Thus we conclude that the maximum behavior in the surface excess versus pressure is associated with the change in the behavior of bulk gas density versus pressure for the case of the open surface. We will discuss this behavior for the case of the slit pores later in Sec. III B.
Let us now explore how temperature affects the behavior of the surface excess versus the bulk gas density. This is shown in Fig. 7 . Unlike the plots versus pressure of Fig. 5 , the maximum observed in this plot of surface excess versus bulk density is not that sharp, especially the two temperatures close to the critical point ͑158 and 166 K͒. In this figure ͑Fig. 7͒ we present the plots in log-log scale and interestingly we see that the behavior of surface excess versus bulk density at three supercritical temperatures is quite the same in the range of high bulk density ͑ Ͼ 40 kmol/ m 3 ͒. They reach the same asymptote, having a slope of −15. This means that the limit of the difference between the average density of the adsorbed phase and the bulk gas density is proportional to 1/ 15 . We have addressed the basic features of adsorption of supercritical fluids and their differences from that of subcritical fluids for an open graphite surface. Let us now turn to those behaviors for adsorption of sub-and supercritical fluids in slit pores having graphitic walls, and investigate for any new features that occur with argon adsorption in the confined space of slit pores but not on open surfaces. 
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B. Graphitic perfect slit pores
Investigation of adsorption of slit pores requires an understanding on the effect of width on adsorption. Beside the enhancement on the adsorption potential the pore width can influence adsorption in a way that the pore can pack an integral number of layers. Those pores that can pack exactly an integral number of layers under moderate conditions are called the perfect pores, and other pores are designated as imperfect pores. The perfect pores that can pack exactly one, two, three, four, and five layers are 6.5-, 9.5-, 12.5-, 15.5-, and 19-A pores. Let us start with the first perfect pore of 6.5 A. This will allow us to study the effect of two-dimensional compression in this pore and choose 253 K as the representative temperature for supercritical adsorption.
6.5-A pore "one-layer pore…
This pore can accommodate neatly one integral layer, and since the enhancement in the solid-fluid potential in this pore is significant the adsorption occurs at a pressure lower than those of larger pores. Figure 8͑a͒ shows the excess pore density ͑curve with the circle symbols͒ in terms of the logarithm of pressure, while Another two features observed with slit pores are not manifested with adsorption on open surfaces. One is the negative excess pore density and this is simply because it is easier to compact particles in the three-dimensional space of the bulk phase than to do so in two-dimensional space at extremely high pressure, resulted from the greater fluid-fluid interaction than the solid-fluid interaction. This transition from the positive excess pore density to the negative one occurs at an extremely high pressure of 200 MPa ͑ϳ2000 atm͒, at which the pore density is becoming less than the bulk gas density. Another feature noted is the small shoulder on the decaying part of the isotherm, which occurs at about 700 MPa ͑point A in Fig. 8͒ . To find out the reason for this small shoulder, we plot the absolute pore density as well as the bulk gas phase density as a function of pressure, as shown in Fig. 8 as the line with the triangle symbols and the solid line, respectively. It is clear that the small shoulder is due to the fact that the maximum packing in the pore has been reached while the bulk density keeps increasing. We have 
͑8͒
Following this equation the shoulder is resulted from the absolute pore density achieving its saturation value of 34 kmol/ m 3 . At point A onwards ͑pressures higher than 700 MPa͒, we have constant absolute pore density while the bulk gas density is steadily increasing, leading to the linear decline of the excess pore density with respect to the bulk gas density as shown in Fig. 9 where we plot the excess pore density versus the bulk gas density. In this figure, not only we see the linear behavior for pressure greater than 700 MPa ͑corresponding to the bulk density greater than about 50 kmol/ m 3 ͒, we also observe a linear behavior in the range of bulk gas density from 5 to about 25 kmol/ m 3 . The linear behavior in this range is not due to the constancy of the absolute pore density but rather to the approximate linear increase of the absolute pore density in this range.
It is worthwhile at this point to show the difference between the supercritical adsorption and subcritical adsorption in this 6.5-A slit pore. We choose 87.3 K as the temperature for subcritical adsorption and 253 K for supercritical adsorption. The pore densities versus pressure for these two conditions are plotted in Fig. 10 . The vapor pressure of 87.3-K subcritical adsorption is 1.013ϫ 10 5 Pa. It is clear that adsorption under subcritical conditions occurs at much lower pressures than the supercritical conditions. The absolute ͑circle symbols͒ and excess pore densities ͑solid line͒ for the subcritical conditions are practically superimposed on each other, and this is simply due to the much lower bulk gas density compared to the pore density. On the other hand, in the case of the supercritical conditions these two densities agree with each other at low pressures ͑P Ͻ 1 MPa͒ but deviate from each other when the maximum is observed. As mentioned earlier this is due to the combined sharp change in the bulk density versus pressure and the slower rate of increase in the absolute pore density.
To show the degree of compression of two-dimensional fluid in this 6.5-A pore, we plot in Fig. 11 the snapshots of particles for three values of pressure, 1, 10, and 1000 MPa. It is clear in these figures that at 1 and 10 MPa, the packing is still far from perfect, and it is not until extremely high pressures greater than 700 MPa ͑ϳ7000 atm͒ that we will see a nearly perfect hexagonal packing. This pressure corresponds to the point A in Fig. 8 and 9 . This packing cannot be further compressed with a further increase in pressure as reflected in the constancy of the absolute pore density.
9.5-A pore "two-layer pore…
Now we investigate the adsorption of supercritical fluids in 9.5-A graphitic slit pore. This is the pore that can pack neatly two perfect layers as clearly illustrated in Fig. 12 where we plot the local-density distribution versus distance from the pore wall for four values of pressure ͑1, 10, 100, and 1000 MPa͒.
We observe a clear formation of two layers for all values of pressure with the width of each peak being smaller with an increase in pressure ͑compression and densification͒. When the pressure is greater than 500 MPa, there is no further change in the density distribution, indicating that the saturation level has been reached for the absolute pore density. We should point out here that the invariance of the pattern of the local-density distribution with respect to pressure is a clear evidence of perfect packing. If the pattern of the Plot of absolute pore density ͑triangle symbols͒, excess pore density ͑circle symbols͒, and bulk gas density ͑solid͒ vs pressure. Right figure: Plot of absolute pore density ͑triangle symbols͒ and excess pore density ͑circle symbols͒ vs bulk gas density.
density distribution does change with pressure, the pore is an imperfect pore as we shall show later for imperfect pores of 8 and 11.5 A.
The adsorption isotherm for the excess pore density versus pressure is shown in Fig. 13͑a͒ as the line with the circle symbols, and that versus bulk gas density is presented in Fig.  13͑b͒ . Also shown in this figure are the absolute pore density ͑line with the triangle symbols͒ and the bulk gas density ͑solid line͒.
The excess pore density behaves exactly like what we have seen earlier for the case of the 6.5-A pore. On the decreasing part of the isotherm, a small shoulder is also observed ͑point A͒. Once again this is due to the complete saturation of the pore and there is no further increase in pore density while the bulk gas density continues increasing. The difference between this case and the 6.5 A earlier is the saturation of the pore density occurs at 500 MPa, which is sooner than the previous case ͑700 MPa͒, indicating that it is easier to compact molecules in larger pores than in smaller ones. The maximum excess pore density is 18 kmol/ m 3 , compared to 22 kmol/ m 3 for the case of the 6.5-A pore. Thus the smaller is the pore the greater is the maximum of the excess pore density. This remains to be so for larger pores as we shall see in the next sections. For pressures greater than the pressure at point A, we observe a linear decrease of the excess pore density versus the bulk gas density ͓shown as the dashed line in Fig. 13͑b͔͒ . This is due to the constancy of the absolute pore density. Again like the case of 6.5 A dealt with before we also observe a linear behavior in the range of bulk gas density from 5 to 25 kmol/ m 3 , and this is due to the approximate linear increase of the absolute density versus the bulk gas density.
The snapshots for the case of supercritical adsorption ͑253 K͒ are shown in Figs. 14͑a͒ and 14͑b͒ for two values of high pressure, 100 and 1000 MPa. At 100 MPa ͓Fig. 14͑a͒, the adsorbed layer is still being densified with visible cluster formation, while at an extremely high pressure of 1000 MPa ͓Fig. 14͑b͔͒ we see a very dense packing of argon in the form of hexagonal. This perfect packing is very similar to that of subcritical temperature of 87.3 K, shown in Fig. 14͑c͒ . What this means is that the packing of adsorbed molecule is practically the same between the supercritical and subcritical conditions.
12.5-, 15.5-, and 19-A pores "three-, four-and fivelayer pores…
We have seen the behavior of excess pore density for the two perfect slit pores of 6.5 and 9.5 A ͑one-layer and twolayer pores͒. Now we consider the other perfect pores that accommodate larger number of layers to investigate the level of maximum in the excess pore density. The GCMCsimulated results are presented in Fig. 15 as excess pore density versus pressure and Fig. 16 as that versus bulk gas density for three perfect slit pores, 12.5, 15.5, and 19 A, that can accommodate perfectly three, four, and five layers, respectively.
Again we see that they exhibit a maximum and negative excess pore density as we see earlier for 6.5-and 9.5-A pores. The maximum is lower for larger pores ͑because of the lesser solid-fluid potential͒, and the pressure at which this maximum occurs is slightly larger for larger pores. The shoulders observed in the decaying part of the isotherm are again attributed to the attainment of saturation in the absolute pore density as we have discussed earlier.
The behavior of the excess pore density versus the bulk density is shown in Fig. 16 . The decaying part of the isotherm shows two distinct linear regions. The first linear region is in the range of bulk gas density of 5-25 kmol/ m 3 , and the second region is in the higher range of bulk gas density of greater than about 40 kmol/ m 3 . The first region is due to the approximate linear increase of the absolute pore density with the bulk gas density, while in the second linear region ͑ Ͼ 40 kmol/ m 3 ͒ is due to the constancy of the absolute pore density. Very often experimental measurements were carried out in not very high pressure and when the excess pore density is plotted against the bulk gas density a linear asymptote is achieved in the range of 5-20 kmol/ m 3 and this is treated as the constant absolute amount adsorbed. 31 As a matter of fact such a linear line is a result of a linear increase of the absolute amount adsorbed with the bulk density rather than the constancy of the absolute pore density.
The typical two-dimensional ͑2D͒-density distributions of the perfect pores 12.5, 15.5, and 19 A are shown in Fig.  17 . These patterns show clearly the three-, four-, and fivelayer formations in those pores as these peaks are clearly distinguished at all pressures, suggesting that there is no shift of particles with respect to distance from the pore surface.
C. Graphitic imperfect slit pores
We have seen the behavior of adsorption in perfect pores. Now we turn to imperfect pores. Here we shall choose two such pores to illustrate the differences between perfect pores and imperfect ones. They are 8-and 11.5-A pores. Under normal conditions of moderate pressures, the 8-A pore is too large for one layer and too small for two layers, while the other pore, 11.5 A, is too large for two layers and too small for three layers. It is interesting to study the behavior of adsorption in those imperfect pores under extreme conditions of very high pressure.
Let us consider the excess pore density of these two so-called imperfect pores. The plots versus pressure are shown in Fig. 18 while those against the bulk gas density are displayed in Fig. 19 . Yet again we observe the maximum phenomenon, but we also note a number of distinct differences from what we have observed before with perfect pores.
͑1͒
The pressure at which the excess pore density becomes negative is much lower than that for perfect pores. ͑2͒ The absolute pore density seems to reach a plateau of low density because of the imperfect packing. Only when the pressure is very high that the absolute pore density increases from that apparent low plateau of density to the final saturation level. This increase occurs in a number of stages. ͑3͒ Between the two imperfect 8-and 11.5-A pores, it is easier to pack argon particles in the 11.5-A pore because of the larger volume space for rearranging the particles. Let us explain these points. The reason for the excess pore density to become negative sooner is because the absolute pore density attains an apparent plateau of low density, which is a direct result of the imperfect packing. It is only when the pressure is increased much further, the chemical potential is great enough to overcome the repulsion between particles. This allows the particles to be compressed to form two distinct layers in the case of the 8-A pore and three distinct layers in the case of the 11.5-A pore. This is clearly supported by the 2D-density distribution of argon in those pores, as seen in Fig. 20 . At low pressures, the chemical potential is not great enough and particles cannot form two distinct layers in the 8-A pore. This is shown as two substantially overlapped peaks in Fig. 20͑a͒ . However, when the pressure is very high, we see the overlapped peaks split into two distinct peaks for the case of the 8-A pore and into three peaks for the case of the 11.5-A pore. As a result of this splitting, the absolute pore density increased very sharply, as seen in Fig. 18 and 19 .
We now finally consider the effects of temperature in the adsorption in slit pores. We choose the perfect pore of 9.5 A as a representative one. Plots of the excess and absolute pore densities versus the bulk gas density are shown in Fig. 21 . The general behaviors are the same for all temperatures. The differences are that ͑i͒ the maximum in the excess pore density is higher for lower temperatures, ͑ii͒ the saturation level of absolute pore density is achieved faster for the case of higher temperature, which is due to the greater thermal motion of the particles, and ͑iii͒ the absolute pore density exhibits longer apparent plateau for lower temperatures.
IV. CONCLUSIONS
We have presented in details the adsorption of argon on the surface of graphitized thermal carbon black and in slit pores at temperatures ranging from subcritical to supercritical conditions by applying the method of grand canonical Monte Carlo simulation. Features of adsorption are as follows: ͑i͒ Maximum in the excess pore density and ͑ii͒ the excess pore density versus bulk density at supercritical conditions has a decaying part with two linear regions. ͑One is associated with the constancy of the absolute pore density, while the other is due to the slow linear increase of the absolute pore density.͒ ͑iii͒ Adsorption under supercritical condition at extremely high pressure is greater than that under subcritical condition. ͑iv͒ Negative excess pore density is possible with pores and this is because the packing in confined space at very high pressure is not as effective as that in the bulk phase ͑v͒ The pressure at which the maximum occurs corresponds to the first derivative of the bulk density with maximum pressure, and this pressure shifts to lower pressures for smaller pores. 
